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Abstract
The effect of nuclear interactions on measurable net-proton number fluctuations in heavy ion collisions at the SIS18/GSI
accelerator is investigated. The state of the art UrQMD model including interaction potentials is employed. It is found
that the nuclear forces enhance the baryon number cumulants, as predicted from grand canonical thermodynamical
models. The effect however is smeared out for proton number fluctuations due to iso-spin randomization and global
baryon number conservation, which decreases the cumulant ratios. For a rapidity acceptance window larger than ∆y > 0.4
the effects of global baryon number conservation dominate and all cumulant ratios are significantly smaller than 1.
Keywords: Proton number fluctuations, Nuclear interactions.
One of the most important remaining questions in the
field of high energy heavy ion physics is to determine the
onset of deconfinement [1, 2, 3]. To this goal large scale
experiments are and will be performed in several acceler-
ator facilities worldwide, e.g. at the SPS at CERN, the
RHIC, FAIR, NICA and JPARC. Here heavy ions are col-
lided with increasing beam energy. Through the study of
the beam energy dependence of various observables one
hopes to find unambiguous signals for the appearance of a
phase transformation of hadrons to their quark and gluon
constituents.
At the highest beam energies and lowest net-baryon
densities this transformation proceeds as a smooth crossover
as predicted by lattice QCD simulations [4, 5]. At higher
values of the net-baryon density lattice QCD methods are
not applicable and one is left with effective models. As
these models are often not sufficiently constraint, the pre-
dictions for the nature of the QCD phase transition vary
significantly over model-space. Consequently it would be
very important if the order of the phase transition at large
density could be verified experimentally.
Recently a focus on possible observables for a phase
transition and the associated critical endpoint is on fluc-
tuations of conserved charges, e.g. the net-baryon number,
strangeness and electric charge [6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16]. In a grand canonical thermodynamic ensemble the
cumulants of the net-charge distribution functions should
diverge at the critical point of the phase transition, due to
the divergence of the correlation length. It was therefore
suggested, that the measurement of the net-proton num-
ber fluctuations in a fixed rapidity interval could reveal
the onset of deconfinement and/or the critical endpoint
of QCD. The measured rapidity interval has to be much
smaller than the total systems rapidity width and larger
than the correlation length [17, 18]. However, the system
created in heavy ion collisions can hardly be treated as a
grand canonical system in thermal equilibrium, thus the
measured cumulants are also affected by other aspects of
the dynamical evolution, many of which have been dis-
cussed in recent literature [19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, 30, 31]. The systems created in these nuclear
collisions are very small, rapidly expanding and therefore a
detailed understanding and interpretation of the measured
moments is difficult due to uncertainties in the centrality
determination, efficiency corrections and acceptance cuts.
To address these experimental uncertainties one employs
models to simulate the dynamical expansion of the system
created in the heavy ion collision. There are two main
approaches, a fluid dynamical description and/or a mi-
croscopic transport description. The fluid dynamical de-
scription has the advantage that any equation of state can
be easily introduced and effects of spinodal decomposition
due to a phase transition can be described in a controlled
manner [32, 33, 34, 35]. On the other hand, thermal fluc-
tuations, which are an important ingredient for the for-
mation of critical fluctuations near the critical endpoint
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[1, 36, 18], as well as the production of discrete particles
from the fluid [37] cannot be easily introduced.
Alternatively one can use a microscopic transport model,
which naturally includes thermal fluctuations and usually
describes the evolution of discrete particles. On the down-
side it is very challenging to introduce the dynamics of
a phase transition and critical point in such a transport
approach. Especially a change of the effective degrees of
freedom, as expected at the deconfinement transition, is
not easily introduced in a consistent manner.
In this paper we will address another important con-
tribution to measured proton number fluctuations. In pre-
vious work with grand canonical models of dense QCD it
was suggested that the interactions of nucleons can have a
significant impact on the measured net-proton cumulants
at low (
√
sNN < 20 GeV) beam energies [38, 39, 40, 41]. In
the following we will investigate how important the effect
of the nuclear interactions on the measured proton num-
ber fluctuations really is within a microscopic transport
approach. A similar study, but at a higher beam energy
(
√
sNN = 5 GeV) came to the conclusion that no effect of
the nuclear interactions could be found [42]. We will study
this effect for fixed target experiments at a beam energy
of Elab = 1.23 GeV/nucleon which corresponds to the cur-
rent SIS18 HADES experiment. Here the effect of nuclear
interactions should be much stronger and therefore is more
likely to be observed.
1. The UrQMD model
We will employ the microscopic transport model UrQMD
in its latest version (v3.4). The UrQMD model is based
on binary elastic and inelastic scattering of hadrons, at
the beam energy under investigation mainly dominated by
resonance excitations. It includes more than 50 different
baryonic states with its anti-particles as well as 40 mesonic
states. All these hadrons scatter according to measured
cross sections, where available [43]. If no data is avail-
able the cross sections are estimated using effective models
or the additive quark model. If only elastic and inelastic
scatterings are taken into account the model is used in
its so-called cascade version. This version is able to basi-
cally describe particle multiplicities and collective motion
over a wide range of beam energies [44]. Since UrQMD
is a miscroscopic transport model, global as well as local
conservation of energy, momentum as well as all quantum
charges (like the baryon number and electric charge) is
observed.
1.1. Adding Nuclear Potentials
Nuclear interactions have been introduced to the UrQMD
model already some time ago [45, 46]. In the case when
nuclear interactions are taken into account, each hadron is
represented by Gaussian wave packet with the width pa-
rameter L in phase space [45]. The Wigner distribution
function fi of the hadron i reads
fi(r,p, t) =
1
(pih¯)3
e−
[r−ri(t)]
2
2L e−
[p−pi(t)]
2
·2L
h¯2 , (1)
where L = 2 fm2 is usually chosen for simulating collision
with heavy nuclei like Au. ri and pi are the centroids of
coordinate and momentum of hadron i, respectively. The
equations of motion for ri and pi read
r˙i =
∂〈H〉
∂pi
, p˙i = −
∂〈H〉
∂ri
. (2)
Here, 〈H〉 is the total Hamiltonian function of the system,
it comprises the kinetic energy and the effective interac-
tion potential energy. The importance of the mean field
potential for describing HICs has been extensively studied
[47, 48]. For studying HICs at intermediate energies, the
following density and momentum dependent potential has
been widely used in QMD-like models [49, 50, 46],
U = α(ρ/ρ0) + β(ρ/ρ0)
γ
+ tmd ln
2[1 + amd(pi − pj)2]ρ/ρ0. (3)
Here α=-393 MeV, β=320 MeV, γ=1.14, tmd=1.57
MeV, and amd = 500 GeV
−2 are chosen, which yields the
incompressibility K0=200 MeV for isospin symmetric nu-
clear matter. This set of parameters does give a good
description of the azimuthal correlations of charged parti-
cles (the so called vn) at SIS18 beam energy range [51]. In
recent years, in order to follow present progress on deter-
mining the nuclear symmetry energy and better describe
the recent experimental data for HICs at SIS energies, the
surface and surface asymmetry terms, as well as the bulk
symmetry energy term obtained from the Skyrme poten-
tial energy density functional have been further considered
in the present version. Details about these terms can be
found in Refs. [52, 53], since they are expected to be less
important for bulk properties of HICs, the chosen of those
parameters will not significantly influence our results. Be-
sides the nuclear potential, the Coulomb potential for all
charged particles is also taken into account. It has been
further found that with an appropriate choice of the in-
medium elastic nucleon-nucleon cross section, some recent
published experimental data, especially the collective flows
of light clusters, can be reproduced reasonably well. See
Refs. [52, 54, 53] for more details.
2. Method
In the following, results for head-on (b=0 fm) Au+Au
collisions at a fixed target beam energy ofElab = 1.23AGeV,
with the UrQMD model, will be presented. In particular
we will compare results where the model is used in its
cascade mode with results where the long range nuclear
interactions are explicitly taken into account. Note that
we will treat all baryons as free baryons, i.e. they are not
bound in nuclear clusters. In general this is not true and
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Figure 1: [Color online] Baryon number density in a cubic box with
length l. The box is centered at the center of mass of the collisions,
i.e. x = y = z = 0. Two time steps are compared, t=15 and
30 fm/c. The density is given in units of the nuclear ground state
density ρ0 ≈ 0.16fm
−3
one usually applies an afterburner to calculate the clus-
ter abundances on an event-by-event basis [55, 56]. Using
such an afterburner it would be very interesting to study
the effect of nuclear clustering on the baryon number fluc-
tuations in more detail [22]. However in this paper we
will focus only on the effect of potential interactions and
leave the cluster study to future publications. The impor-
tance of taking into account the nuclear interactions can
already be observed from the time evolution of the baryon
number density. Figure 1 shows the average net-baryon
number density in a box, centered around the collision
point x = y = z = 0 with a given length l, at two different
times t. The times are chosen to correspond to the time
of largest compression t ≈ 15 fm/c and the time at which
inelastic processes cease t ≈ 30 fm/c. Note that we have
chosen to treat baryons as point like particles to calcu-
late the average density in the box as there should only be
integer numbers of baryon in a given volume for a single
event. We have also neglected the effect that baryons may
coalesce and form nuclei at a late time which will influence
the extracted cumulants [22]. This effect will be studied
in a forthcoming paper in more detail.
It can be clearly observed that the compression in the
case of the cascade version is larger than in the case where
nuclear potentials are taken into account. This is mainly
due to the repulsive nature of the nuclear interaction at
high density.
In addition, figure 2 shows the total fraction of baryons
within the described box. Since the total number of baryons
is conserved to be 394 this fraction must be between 0 and
1. At early times it varies between 0% and 80%, while at
late times at most 10% of all the baryons are in the box of
length 10 fm. This ratio will become important later on,
in the discussion of baryon number fluctuations as effects
of global baryon conservation laws are important. These
effects should depend on the fraction of the total baryon
number in a given acceptance/box.
In order to quantify a possible enhancement of fluctua-
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Figure 2: [Color online] Fraction of baryons in the cubic box of length
l (see text for description). At an early time t=15 fm/c, for a box
length of 10 fm about 70-80% of the baryons are enclosed within the
box. At later times only about 10% are in the same box, due to the
rapid expansion of the system.
tions one usually studies ratios of cumulants of the multi-
plicity distributions. This is done, because the cumulants
Cn depend explicitely on the volume and therefore effects
of the total volume cancel when the ratio is taken. Further-
more, for a Poisson distribution all cumulant ratios will be
unity and the cumulant ratios for a Binomial distribution
are also well known. The cumulants in the following will
be defined as:
C1 = M = 〈N〉 (4)
C2 = σ
2 =
〈
(δN)2
〉
(5)
C3 = Sσ
3 =
〈
(δN)3
〉
(6)
C4 = κσ
4 =
〈
(δN)4
〉− 3 〈(δN)2〉2 (7)
where δN = N − 〈N〉 with N being the net-proton or net-
baryon number in a given acceptance for a single event
and the brackets denote an event average. Here M is the
Mean, σ2 the variance, S the Skewness and κ the Kurtosis
of the underlying multiplicity distribution.
Usually one takes the following appropriate ratios of these
cumulants:
C2/C1 = σ
2/M (8)
C3/C2 = Sσ (9)
C4/C2 = κσ
2 (10)
The statistical errors in our simulations are estimated
according to the delta-theorem [57]. The errors of the
cumulant ratios then are:
error(Cr/C2) ∝ σr−2/
√
n , (11)
where n is the number of events and σ2 = C2 the variance
of the observable.
For reference we also cite the corresponding cumulant
ratios for a Binomial distribution, which would be the cor-
rect description of uncorrelated baryons where the total
baryon number is conserved globally.
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Figure 3: [Color online] Ratios of cumulants of the baryon-number as
function of the box length (see figures 1 and 2). Only the results for
the early time (t=15 fm/c) are shown, with and without potentials.
C2/C1
Binomial
= 1− p
C3/C2
Binomial
= 1− 2p
C4/C2
Binomial
= 1− 6p(1− p) (12)
where p is the fraction of the total baryon number within
a given acceptance/box.
3. Results In coordinate space
Fluctuations and correlations due to a phase transition
and critical behavior usually are manifested in coordinate
space. For example the spinodal decomposition creates
clumps of matter in coordinate space and at the critical
endpoint, correlations can extend over large spatial dis-
tances. To verify that indeed fluctuations are affected by
nuclear interactions, we first have to study the cumulant
ratios for a fixed spatial volume, during the dynamical evo-
lution of the system. Figures 3 and 4 show the cumulant
ratios, for the net-baryon number, calculated as a func-
tion of the box length as defined in the previous section.
Again two different times, t = 15 fm/c and t = 30 fm/c,
are shown. At the early time one can clearly observe an
enhancement of all cumulant ratios in the case where nu-
clear long range interactions are taken into account. The
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Figure 4: [Color online] Ratios of cumulants of the baryon-number as
function of the box length (see figures 1 and 2). Only the results for
the late time (t=30 fm/c) are shown, with and without potentials.
enhancement is strongest for the fourth order cumulant, as
expected. The enhancement also only occurs for boxes of
length smaller than 2 fm which is due to the finite correla-
tion length. For larger boxes the effect of baryon number
conservation begin to dominate and all cumulant ratios
decrease.
At the later time the enhancement of the cumulant
ratios, in coordinate space, is all but gone. The same
systematic enhancement of the cumulant ratios is observed
at small box sizes, as for the early times, but the effect is
much smaller. This can be understood as a result of the
much lower density (sub-saturation density) at the late
time.
4. Results in momentum space
Heavy ion experiments cannot measure coordinate space
distributions of baryons during the time evolution of the
fireball. They measure momentum space distributions of
protons after the final kinetic freeze-out of all particles.
Furthermore it is not clear that the coordinate space cor-
relations which appear due to the nuclear interactions (or
critical phenomena) will translate into momentum space
correlation at the end of the systems evolution.
In the following we will therefore present results of our
simulations for baryons and protons in the HADES trans-
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Figure 5: [Color online] Final rapidity distribution of baryons in
most central collisions (b < 3.4 fm). Compared are the results for
the calculation with and without nuclear potentials. Only a small
difference in the mean rapidity distribution is observed.
verse momentum acceptance (0.4 < pT < 1.6 GeV) and
for a given interval in rapidity, around the center of mass
rapidity. The results for the cumulant rations will again be
for head on (b = 0 fm) collisions, to avoid strong contribu-
tions from volume fluctuations. Figure 5 shows the average
net-baryon number rapidity distributions for most central
Au+Au events. Here we compare cascade mode results
with simulations that include nuclear potentials. One can
see that the average rapidity distributions are very similar
for the two cases, even though the maximum compression
varies quite significantly as was shown in figure 1.
Finally, figure 6 shows the results of the net-baryon
and net-proton cumulant ratios as function of the rapidity
interval ∆y. Here several interesting observations can be
made.
1. The cumulant ratios for net-baryons are enhanced,
in the case where nuclear interactions are enabled,
for a small rapidity window ∆y < 0.3.
2. For larger rapidity windows all cumulant ratios are
suppressed due to the effect of conservation laws,
especially baryon number conservation.
3. The effect of the enhancement is much smaller for
net-protons, as compared to net-baryons, due to the
random exchange of iso-spin with neutrons and pi-
ons, which are produced abundandly already at this
beam energy [58].
4. The cascade mode (black lines with squares) agrees
rather well with a simple binomial distribution for
the net-baryons. As an input p for the binomial cu-
mulant ratios in equations (12) we simply use the
fraction of total baryons in the given rapidity inter-
val.
5. Conclusion and Discussion
We have shown that nuclear interactions can have a
significant effect on the net-baryon number cumulant ra-
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Figure 6: [Color online] Comparison of final proton- and baryon-
number cumulant ratios with acceptance cuts, for head on collisions,
as function of the rapidity window ∆y, around mid-rapidity.
tios in heavy ion collisions at SIS18 beam energies. This is
true for the cumulant ratios in coordinate and momentum
space. Furthermore it was shown that an enhancement
of the cumulant ratios is only observed for a small accep-
tance in coordinate or momentum space and that larger
acceptance windows are dominated by conservation laws.
Finally, we have also shown that the effect is diminished
if only net-protons are measured, due to the fact that iso-
spin is randomly distributed amongst the baryons.
Even though the qulitative effect of the nuclear inter-
actions is in agreement with predictions from grand canon-
ical models [39, 41], the quantitative signal is significantly
smaller. This can be explained by the following factors:
1. The system in heavy ion collisions is small and short
lived. Therefore the correlation length is limited not
only by the system size but also the short time pe-
riod the system spends in a dense phase with strong
interactions.
2. Coordinate space correlations 6= Momentum space
correlations. The increase in the cumulants usually
5
originates from correlations in coordinate space in-
duced by attractive and repulsive interactions. It
is not clear that these coordinate correlations com-
pletely translate to momentum space correlations which
can be measured.
3. Calculations in a grand canonical ensemble do not
take into account the conservation of the net baryon
number as it occurs in nuclear collisions. In a micro-
scopic transport model this is naturally taking into
account.
In conclusion, it was shown that the above discussed fac-
tors make it much harder for long range correlations from
nuclear interactions or critical behavior to be measured
through the proton number cumulants in heavy ion colli-
sions.
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